The Urban Agglomeration in Yangtze River Delta is one of the most important economic and industrial regions in China. The City of Changzhou is one of the most important industrial citys in Yangtze River Delta Urban Agglomeration. Activities here include groundwater exploration. Groundwater overexploitation has contributed to the major land deformation in this city. The severity and magnitude of land deformation over time were investigated in Changzhou City. A Small Baseline Subset Interferometric Synthetic Aperture Radar (SBAS-InSAR) technology, provides a useful tool in measuring urban land deformation. In this study, a time series of COSMO-SkyMed and Sentinel-1A SAR images covering Changzhou City were acquired. SBAS-InSAR imaging technique was used to survey the extent and severity of land deformation associated with the exploitation of groundwater in Changzhou City. Leveling data was used to validate the SBAR-InSAR productions, the error of SBAR-InSAR annual subsidence results was within 2 mm. The results showed that three main land subsidence zones were detected at Xinbei, Tianning and Wujin District. Four subsidence points were selected to analyze the temporal and spatial evolution characteristics of land subsidence. The subsidence rate of P1 to P4 was −2.48 mm/year, −12.78 mm/year, −18.09 mm/year, and −12.69 mm/year respectively. Land subsidence over Changzhou showed a trend of slowing down from 2011 to 2017, especially in Wujin District. SBAR-InSAR derived land deformation that correlates with the water level change in six groundwater stations. Indicated that with groundwater rebound, the land rebound obviously, and the maximum rebound vale reached 9.13 mm.
Introduction
The Yangtze River Delta is located in the eastern part of China, with a low and flat ground surface. It occupies an area of nearly 210 700 km 2 , including part of Jiangsu Province, Zhejiang Province, and Shanghai City. The Yangtze River Delta is one of the most developed areas in China. The developed economics and a rise in population cause the domestic and industrial water supply to increase rapidly. Groundwater is extracted from the aquifer system underlying the Yangtze River Delta to handle the increasing water demand. This area has suffered from land subsidence since the early 1920s due to the increasing amount of the groundwater usage [1] . Changzhou City is located in the south Yangtze River Delta area, with its north adjacent to the Yangtze River and south to Taihu Lake. Changzhou City is one of the most economically developed cities in the Yangtze River Delta, and it is characterized by a dense population and numerous towns. Changzhou City was a typical area in Yangtze River Delta with serious land subsidence due to excessive groundwater withdrawal [2] . In 2000, the provincial government announced a regulation to comprehensively ban deep groundwater extraction by 2005 to mitigate the widespread subsidence and earth fissures in the Changzhou City. However, up until now there has been no large-scale high-precision measuring work conducted in Changzhou City Especially how the subsidence and rebound evolve spatially and temporally before and after the implementation of the policy limiting groundwater exploitation. Only some local leveling measurements have been taken. Unfortunately, the present leveling data set is not very reliable due to lack of historical measurements and incomplete records. In order to investigate the scope, magnitude, distribution, and temporal change of land deformation in Changzhou City and the possible causes, synthetic aperture radar interferometry (InSAR) would be ideal technology to employ. InSAR is an advanced remote sensing technology that has been developed over the last decades, and it features multiple prominent technological advantages, such as 24-hour all-weather capability, high-deformation sensitivity, and high-resolution. Therefore, InSAR complements other techniques such as precise leveling and global positioning system (GPS) for subsidence monitoring. Currently, differential InSAR (DInSAR) has been widely applied in monitoring surface deformation [3] [4] [5] [6] . Atzori et al. used X-band COSMO-SkyMed and C-band ENVISAT SAR data with DInSAR to examine the seismic deformation of L'Aquila in central Italy, and they integrated DInSAR data with 30 GPS site displacements to constrain inversion models for fault dislocation [7] . The best fit fault plane was in very good agreement with the results of CMT (centroid moment tensor) solutions. Tomás et al. used TerraSAR-X data and DInSAR to investigate the deformation of La Pedrera Dam deformation in Spain, and their results showed a good agreement with other studies [8] . Ge et al. used the C-band ENVISAT ASAR and L-band ALOS PALSAR data to monitor the land subsidence of Bandung Basin, West Java province, Indonesia. Good correlations were observed between DInSAR results and GPS survey data [9] .
Traditional DInSAR focuses on single pair of InSAR images for deformation detection. Factors such as temporal/spatial decoherence and atmospheric phase interference often affect the formation of interferograms. X-band SAR data and DInSAR are affected by temporal and spatial decoherence, which could lead to unreliable deformation results [10] . To overcome these problems, advanced DInSAR technologies, such as persistent scatterer (PS) and small baseline subset (SBAS) have been developed. The PS method generally requires a large quantity of SAR images; otherwise, severe decoherence, originated from overstretched temporal and spatial baselines is likely to occur. Therefore, the nonlinear deformation phase cannot be separated from the noise and atmospheric delay phase and reliable deformation results cannot be obtained [11] . However, a small quantity of SAR images is not a problem for the SBAS method. Moreover, SBAS limits the geometric decoherence resulted from long baselines; therefore, the processing of SAR data can utilize an unlimited amount of SAR interferometric pairs to enhance the sampling rate in temporal space [12] . The SBAS-InSAR technique has been successfully applied to studies of surface deformation events caused by geological disasters, such as volcanic deformations, landslides, and urban ground deformation [12] [13] [14] . Lubitz et al. applied TerraSAR-X data and SBAS-InSAR to monitor the surface deformation of the Staufen area in southwestern Germany. They obtained experimental data that was consistent with the results of the leveling survey [15] . Calò et al. monitored the landslide in the Ivancich area in central Italy based on the X-band COSMO-SkyMed SAR data and SBAS-InSAR [16] . Hu et al. used C-band ENVISAT ASAR data and SBAS-InSAR to survey land subsidence in Beijing, and they obtained results that were comparable with the leveling data [17] .
In this study, we utilized the SBAS-InSAR technique based on COSMO-SkyMed and Sentinel-1A SAR data to derive the land deformation time-series in Changzhou City to study the dynamic evolution of land deformation before and after the implementation of subsidence control, and to analyze the causes of subsidence. Section 2 presents an overview of the study area and datasets. Section 3 presents the methodology involved. Section 4 and 5 present the results and land deformation analysis work, respectively, and concluding remarks are given in Section 6.
Study area and datasets

Study area
Changzhou City is the study area located on the deltaic deposits of the Yangtze River Delta on the east coast of China (Figure 1(a) ). Its geographic location is 31 ∘ 09'N-32 ∘ 04'N and 119 ∘ 08'E-120 ∘ 12'E, with Taihu Lake to the south and Wuxi city to the east. The urban region of Changzhou contains Xinbei, Zhonglou, Tianning, and Wujin districts. (Figure 1(b) ) The ground elevation is less than 10 m in the plain area, higher in northwest, lower in the middle and southeast. There are several bedrock hills spotted in south and west part of this city, and the groundwater elevation is about 80 to 178 m [18] . Sedimentary and igneous rocks constitute the basement of Changzhou City. This city experienced seawater intrusions four times and deposited a set of Quaternary sediments since middle Pleistocene. The thickness of Quaternary deposits strata varies, which affected by the bedrock [19] . There are four aquifers in the Quaternary alluviums, namely, one unconfined and three confined aquifers, which are denoted as U, I, II and III (Figure. 1(c) ). Conventionally, groundwater with in 50 m deep is shallow, i.e., U and I, otherwise is deep, i.e., II and III [20] . Changzhou City is within a temperate climate zone of abundant rainfall and dense river network. Over the past several decades, its urban and rural areas have witnessed phenomenal economic growth, which has been accompanied by severe pollution of the surface water and general decline of the water quality of rivers. With the rapid economic development and the pollution of the surface water in Changzhou City, the groundwater usage (both civilian and industrial water) increased gradually. In our study, the second confined aquifer is the main aquifer.
SAR Data
All the SAR data information used in this study is show in Table 1 . COSMO-SkyMed is a high-resolution radar satellite constellation that developed by the Italian space agency and defense department, and it is composed of four synthetic aperture radar satellites. COSMO-SkyMed acquires X-band images (wavelength of 3.1 cm), and is more sensitive to urban land deformation detection than the C-band (5.6 cm wavelength) and L-band (23.5 cm wavelength) radars [10] . The COSMO-SkyMed image data feature high spatial resolution, wide coverage, selectable angles of incidence and multipolarity; the image features used in conjunction with the precise orbital data allow for repeat-track interferometry in the monitoring of surface deformations. In this study, the 12 single-look complex slant (SCS) (L1A) data was acquired from the X-band SAR1 and SAR3 satellites that cover the study area. The five SAR3 images were between July and December of 2011, whereas the seven SAR1 images were between January and July of 2012. All images for this study were of HH polarization and from the ascending orbit. The look angle at the image center was about 26 ∘ , and the imaging mode was Stripmap. The
Stripmap mode has two sub-modes: HIMAGE and PingPong. All images for this study were of HIMAGE mode. In the HIMAGE mode, the configurations of the radar transmitting and receiving antenna do not change over time, satellites can receive the full Doppler beam width from every ground scatter, with a pattern width approximately 40 km. Currently, the X-band COSMO-SkyMed SAR data have been successfully applied to the detection of surface deformations with sub-centimeter accuracy [7] , [16] . 
Leveling measurements
Groundwater level
In Changzhou, the main layer from which groundwater extracted is the second confined aquifer. To explore the relationship between the variation of the water-table and the land deformation, groundwater-table data of the second confined aquifer, obtained from six water wells (labelled as W1 to W6 in Figure 2 ), were used in this study. These data were provided by the Jiangsu Province Hydrology and Water Resources Investigation Bureau.
SRTM DEM
The Shuttle Radar Topography Mission (SRTM) is a NASA mission conducted in 2000 to obtain elevation data for most of the world. It is the current dataset of choice for digital elevation model data (DEM) since it has a fairly high resolution (about 90 meters) and near-global coverage (from 56 ∘ S to 60 ∘ N). SRTM DEM has been publicly released in 2003, and revised many times. Data used for this study is the version 4.1 [21] . SRTM DEM was used to remove the topographic phase of interferometric phase.
Method
SBAS-InSAR principle
SBAS-InSAR is a newly developed DInSAR-based timeseries analysis method first proposed by Berardino et al. [12] . Over the past decade, SBAS algorithm has been improved constantly and widely used in surface deformation studies [13, 15, 16, 22, 23] . In the analysis, all SAR images are subject to random combinations and form interference pairs.
Supposing there are SAR images with N+1 scenes covering the same area with acquisition times of t 0 , t 1 . . . t N , and an image from each scene can form an interference pair with at least one image of another scene. The SAR images whose vertical baselines are below the threshold of small baseline condition are grouped together to generate a total of L candidate images and M differential interferograms. M satisfies the following inequality (assuming N is an odd number):
If all of the differential interferograms are correctly unwrapped, they can be calibrated by a highly coherent point (x 0 , r 0 ) that is stable or whose deformation magnitude is known. For a specific interferogram i.e., after the removal of the flat earth and topographic phases, and assume t B > t A (t A , t B are the two acquisition dates of the co-registered image pair for the interferogram i), then in a coordinate system of azimuth-range (x, r), the interferometric phase of a single-look slow-varying filtered phase (SFP) pixel (x, r) in the differential interferogram i can be expressed as follows:
where λ is the center wavelength of the imaging radar system, d(t B , x, r)and d(t A , x, r) represent the relative displacement in the direction of the radar line of sight (LOS) at times t B and t A , respectively.
B ⊥i ∆Z r sin θ is the phase resulted from the DEM (or height) error ∆Z and the vertical component B ⊥i of baseline orbit separation between the SAR image pair, and its value is directly proportional to B ⊥i and inversely proportional to slant range r, and it is associated with local incidence angle θ. [ϕ atm (t B , x, r)−ϕ atm (t A , x, r)] is the difference of the atmospheric delay phase of pixel (x, r) at times t A and t B , and ∆ϕ represents other noises.
After phase unwrapping, the linear deformation and DEM error phase can be used to construct a new SBAS linear equation:
where B is an M × N matrix, and C is the coefficient matrix related to the space-baseline distance. p ′ is given by
where v represents the phase-value matrix of the average deformation rate. The linear deformation phase and DEM errors are removed from the interferogram to generate the residual phases, which now include the atmospheric delay phase, non-linear deformation phase and decoherence noises. Subsequently, filtering is performed based on the different temporal and spatial properties of the residual phases, thereby separating the non-linear deformation phase and atmospheric delay phase. Finally, time series deformation results can be obtained by applying a least square (LS) method [22] or singular value decomposition (SVD) rule to all of the unwrapped interferograms.
SBAS-InSAR processing
Land displacement in Changzhou was mapped with the ENVI SARscape software developed by ESRI company. This software provided SBAS-InSAR processing method. The SBAS-InSAR is used to divide the generated SAR data into several groups to suppres the effect of spatial-temporal de-coherence. In the SBAS InSAR approach, thresholds of spatial-temporal baseline and Doppler centroid difference were applied to generate interferograms with SAR image pairs that maximize the InSAR coherence. In this study, only the spatial-temporal baseline was considered since the Doppler centroid difference was negligible. Spatial baseline smaller than 800 m and 300 m, the temporal interval smaller than 300 days and 500 days for images in COSMO-SkyMED and Sentinel-1A respectively. Under such design, 37 interferograms in the X-band (Figure 3(a) ), and 67 interferograms in the C-band (Figure 3(b) ) were generated (Figure 3(c) ).
Each interferometry pair that meets the temporal and spatial criteria was processed to form a DInSAR interferogram using the two-tracked method, which mainly consists of image registration and baseline estimation, interferogram generation, coherence coefficient calculation, external DEM simulation, precise baseline estimation based on precise orbits and control point data, interferogram adaptive filtering calculation [24] , phase unwrapping and refinement and reflattening. To dampen the noises, boost coherence, and examine the deformation at a relatively large scale, interferograms were subject to a multi-look treatment using 11 azimuth looks and 10 range looks for COSMO-SkyMED and 1 azimuth looks and 5 range looks for Sentinel-1A. The minimum cost flow algorithm is applied for phase unwrapping [25] .
The unwrapped phases of 16 differential interferometry pairs were processed as follows. First, the differential interferometric phase was used to estimate the linear deformation phase of the study area. Then the linear deformation phase was transformed to a LOS directional deformation rate. Subsequently, the linear deformation phase and residual topographic phase were removed from the original differential interferometric phase before the residual phase was phase unwrapped and the SVD (singular value decomposition) was used to solve the non-linear deformation phase, which culminated in the generation of a cumulative deformation time-series phase. To estimate the atmospheric delay phase, the data were subjected to highpass (HP) filtering in the time domain followed by low-pass (LP) filtering in the space domain; subsequently the atmospheric delay phase were separated from the data.
Results and analyses
Time evolution of land deformation
Annual land deformation maps are produced from ENVI SARscape processing. Figure 4 shows the deformation calculate with COSMO-SkyMED data (Figure 4(a) ) and Sentinel-1A data (Figure 4(b) ). The deformation rate from 2011 to 2012 calculated with COSMO-SkyMED data was -55~+30 mm/year. The deformation rate from 2015 to 2017 calculated with Sentinel-1A data was -40~+36 mm/year. Three subsidence zones concentrate on Xinbei, Tianning and Wujin districts marked with A, B and C respectively. There are detected in COSMO-SkyMED data. With the implementation of control measures for land subsidence by the Government, the subsidence zones of these three zones have been controlled effectively and zone C in Wujin District presents land rebound obviously (Figure 4(b) ). 
InSAR accuracy assessment
Land deformation calculated from SBAS-InSAR method is along LOS (line of sight) direction, but the leveling measurement is along the vertical. In order to insure the comparability of InSAR measurements and leveling measurement, the InSAR measurements (include COSMO-SkyMED and Sentinel-1A result) were projected to the vertical direction. In this study, leveling measurements from 2011 to 2012 were used to assess InSAR measurements accuracy. To compare InSAR measurements with those from leveling benchmarks, SFPs that lie within 100 m pf benchmarks are selected and then average displacement values around benchmarks. Through the above operation, leveling and InSAR measurements are in the same spatial frames. The comparison results indicated great agreement between InSAR and leveling measurements. With a minimum and maximum difference of 1.2 mm/year and 3.0 mm/year, respectively ( Table 2) . Measurement of land deformation based on individual interferograms can often be affected by artifacts due to temporal change in atmospheric delay and error. In satellite orbit and topographic data used, all of these factors that tend to affect the In-SAR accuracy. With SBAS-InSAR method described in Section 3, atmosphere, baseline and other artifacts can be reduced effectively.
land deformation in Changzhou from 2011 to 2017
As the data acquisition time of COSMO-SkyMED is from July 21th 2011 to July 14th 2012 and Sentinel-1A data is from In order to better analyze the development of deformation in land subsidence areas, four land subsidence points marked with P1, P2, P3 and P4 are selected ( Figure 5 ). The annual land subsidence rate of P1 to P4 in Figure 4 was −2.48 mm/year, −12.78 mm/year, −18.09 mm/year, and −12.69 mm/year respectively, and the accumulative land subsidence value of P1 to P4 in Figure 5 was −14.54 mm, −71.31 mm, −105.92 mm, and −74.27 mm respectively ( Figure 5 ). The variation trends at the four points may suggest that the subsidence in these areas may continue for a while. An investigation of land subsidence in the Changzhou city by Hu indicated that over the exploitation of groundwater for industrial purposes was the main cause of land subsidence [26] . Figure 4 (a)) and −15 mm/year at subsidence area of Wujin District (e.g. the region B in the Figure 4(a) ). There is also a settlement phenomenon in the east part of Tianning (e.g. the region C in the Figure 4(a) ), and the average subsidence rate was −5 mm/year. In addition, there was a slight rebound at an uplift rate of 4 mm/year in central urban districts (e.g., Zhonglou District and the west part of Tianning District). From April 8 th 2015 to January 27 th 2017 results (Figure 3(b) ), land subsidence in Xinbei, Tianning, Zhonglou and Wujin district has been controlled efficaciously. The average land subsidence rate of A, B and C is 0 mm/year, −1 mm/year and +6 mm/year. Although land subsidence in A, B and C region slow down, the future attention is also required to monitor land subsidence over this area. Figure 6 shows a sketch of the vertical cross-section of confined aquifers in Changzhou, which had abundant confined groundwater resources [27] [28] [29] . In the urban areas of Changzhou, the second deep confined aquifer was the main layer of groundwater extraction and the volume of groundwater exploitation has reached a considerable scale since the 1980s [27] . The mining of deep confined aquifer was at it's minimum before 1960, but it was significantly enhanced during 1960-1970 when the social and economic development began to accelerate and led to insufficient urban water supply. Between 1970 and 1994, large water-consumption industries (e.g., printing, dyeing and textile) were developed swiftly, which caused massive exploration of groundwater resource in the surrounding towns and villages. Such exploration gradually surpassed the mining quantity of central urban districts. Thus, Changzhou experienced a drastic groundwater withdrawal during this period. After 1994, the local government realized the potential environmental damage due to excessive exploitation of groundwater, and formulated a series of rules and regulations to restrict groundwater extraction [26] . Miao et al. discovered that in Changzhou, changes in the confined water level II correlated well with the land subsidence trend. Excessive withdrawal of groundwater was the most critical factor leading to largescale land subsidence in the city [27] . Since 2000, exploitation of groundwater has been prohibited in Changzhou city and measures were taken to recharge the depleted areas. Since 2005, a widespread increase of groundwater level has been recorded [26] . Since then, subsidence slowed down in Zhonglou and Tianning districts, alongside a slight land rebound was even observed [18, 27] . From 2002 to 2009, Wujin had experienced a rapid industrial development that has led to a tremendous need of groundwater, lowering the groundwater table and deteriorating the land subsidence [28] . Figure 7 shows the relationship between land deformations with groundwater levels of the confined aquifer exploitation wells, (W1-W5) ( Figure 7 ) from July 2011 to July 2012. The wells (W1-W5) were applied to exploit confined water for industrial production and the groundwater level of these wells was recorded. As the groundwater level data only covered the data acquisition time of COSMO-SkyMED, the analysis based on COSMO-SkyMED data. There is a strong correlation between the land subsidence and groundwater depth (Figure 7) . The land subsidence increases with the increase of groundwater depth (i.e. decrease of groundwater level). With the groundwater rebound 2.39 m, 1.07 m, −0.51 m, 4.37 m, 4.33 m and 0.9 m, the land rebound 2.95 mm, 2.95 mm, −1.79 mm, 9.14 mm, 0.92 mm and 2.60 mm in W1, W2, W3, W4, W5 and W6 respectively.
The relationship between land deformation and groundwater exploitation
Conclusion
In this study, a time series of COSMO-SkyMed images from With the enormous urban sprawl and mass construction in Changzhou City, monitoring land deformation with InSAR technology can provide a precise and economic means to image land deformation and movements of fissures and faults and the associated geohazards. Not only is it a great way to picture the characteristics of spatial/temporal evolution and mechanism of land deformation, but it also provides independent unparalleled data for the further geological and geophysical interpretation. It is eventually enhancing disaster prevention and mitigation. Which is essential for protecting the lives of others' and property.
Our future study will continue the monitoring of land deformation in Yangtze River Delta region using multiple radar satellites including COSMO-SkyMed, Sentinel-1/A, Radarsat-2, and ALOS-2. With SAR acquisitions, multiple sensors with different imaging geometries will be developed to improve the accuracy of InSAR measurements. Various observations can also enhance the accuracy of deformation decomposition to generate precise three-dimensional deformation components. 
